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ABSTRACT

Marek’s disease virus (MDV), an alphaherpesvirus, is the causative agent of a lethal disease in chickens characterized by general-
ized nerve inflammation and rapid lymphoma development. The extensive colinearity of the MDV genome with those of related
herpesviruses has eased functional characterization of many MDV genes. However, MDV carries a number of unique open read-
ing frames (ORFs) that have not yet been investigated regarding their coding potentials and the functions of their products.
Among these unique ORFs are two putative ORFs, ORF011 and ORF012, which are found at the extreme left end of the MDV
unique long region. Using reverse transcriptase PCR, we showed that ORF011 and ORF012 are not individual genes but form a
single gene through mRNA splicing of a small intron, resulting in the novel ORF012. We generated an ORF012-null virus using
an infectious clone of MDV strain RB-1B. The deletion virus had a marked growth defect in vitro and could not be passaged in
cultured cells, suggesting an essential role for the ORF012 product in virus replication. Further studies revealed that protein 012
(p012) localized to the nucleus in transfected and infected cells, and we identified by site-directed mutagenesis and green fluores-
cent protein (GFP) reporter fusion assays a nuclear localization signal (NLS) that was mapped to a 23-amino-acid sequence at the
protein’s C terminus. Nuclear export was blocked using leptomycin B, suggesting a potential role for p012 as a nuclear/cytoplas-
mic shuttling protein. Finally, p012 is phosphorylated at multiple residues, a modification that could possibly regulate its subcel-
lular distribution.

IMPORTANCE

Marek’s disease virus (MDV) causes a devastating oncogenic disease in chickens with high morbidity and mortality. The costs for
disease prevention reach several billion dollars annually. The functional investigation of MDV genes is necessary to understand
its complex replication cycle, which eventually could help us to interfere with MDV and herpesviral pathogenesis. We have iden-
tified a previously unidentified phosphoprotein encoded by MDV ORF012. We were able to show experimentally that predicted
splicing of the gene based on bioinformatics data does indeed occur during replication. The newly identified p012 is essential for
MDV replication and localizes to the nucleus due to the presence of a transferable nuclear localization signal at its C terminus.
Our results also imply that p012 could constitute a nucleocytoplasmic shuttle protein, a feature that could prove interesting and
important.

Marek’s disease (MD) is a viral disease of chickens that is char-
acterized by a general inflammation of peripheral nerves

(polyneuritis) and development of solid tumors in multiple or-
gans that originate from transformed T lymphocytes. The lym-
phomas associated with MD form with reliable kinetics within
weeks after infection and can seed in virtually every organ and
tissue of the chicken (1). However, in its most acute form, which
includes additional symptoms, like torticollis and ataxia due to
brain edema, MD causes the death of an infected chicken within
days (2). Therefore, and despite the availability of excellent vac-
cines, MD morbidity and mortality, as well as prophylactic vacci-
nation, represent a massive burden to chicken husbandry world-
wide (3).

Within the subfamily Alphaherpesvirinae, MD virus (MDV)
represents the prototype strain of the genus Mardivirus (Marek’s
disease-like viruses) (4, 5). Following the current nomenclature,
the genus encompasses three distinct species: pathogenic MDV,
also referred to as gallid herpesvirus type 2 (GaHV-2, or MDV;
formerly MDV-1); apathogenic gallid herpesvirus type 3
(GaHV-3, formerly MDV-2); and meleagrid herpesvirus type 1
(MeHV-1, or HVT; formerly MDV-3), for which the turkey is the

natural host. In cell culture, MDV is highly cell associated and
shows very slow replication kinetics, with plaques typically ap-
pearing only after several days. In vivo, comparable to human
Epstein-Barr virus (EBV), MDV is highly lymphotropic and in-
fects B and T cells (1). Apart from its tropism for lymphocytes, our
knowledge of the exact sequence of events of MDV infection,
starting with the uptake of the pathogen from the environment to
final shedding of cell-free virus from feather follicle epithelia, still
has considerable gaps. The current model of MDV replication,
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referred to as the “Cornell model,” proposes that the infectious
cycle starts with virus gaining access to the lung of the chicken by
inhalation of contaminated dust and dander. Here, antigen-pre-
senting cells (APC), like macrophages or dendritic cells, are sup-
posedly the first to be infected by MDV. While entering primary
lymphoid tissues, the virus infects B cells, the first target cell for
massive lytic replication and production of viral progeny. Subse-
quently, CD4� T cells become infected and act as a reservoir in
which the viral latency program is activated, and transforma-
tion of individual T cells leads to the formation of solid lym-

phomas, the hallmark of MDV infection, and ultimately death
of the host (6).

The genes and gene products that execute the complicated viral
replication cycle are encoded in a 180-kbp double-stranded DNA
genome. It represents a classical E-type genome consisting of a
unique long (UL) and a unique short (US) segment, each brack-
eted by inverted terminal (TRL and TRS) and internal (IRL and
IRS) repeats (Fig. 1) (7). MDV contains more than 100 genes or
open reading frames (ORFs), the vast majority of which have or-
thologues within the UL and US regions of herpes simplex virus 1

FIG 1 p012 is generated from a spliced transcript. Shown are the position of MDV ORF012 and the splicing of its mRNA. The structure of the MDV genome is
outlined, and the positions of the hypothetical ORF011* and ORF012* genes (black) in relation to other genes are indicated. Sizes are given in base pairs (bp) for
DNA or bases (b) for RNA. The 82-bp intron in the former ORF011* is indicated in gray. The predicted splicing results in a frameshift and absence of the
predicted ORF011* stop codon. Splicing results in fusion of the remaining sequence with the formerly predicted short intergenic region and the 5= end of the
former ORF012*, thus creating the novel ORF012 transcript. The splice donor (GT) and acceptor (AG) sites are indicated in the intron. The primary sequence
of p012 with predicted phosphorylation sites (underlined) and a predicted NLS (boxed) is shown. Initiator methionines of p012 and the former p012*,
respectively, are marked in boldface. The amino acid corresponding to the exon-exon border (arginine; R) is marked in boldface and italics.
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(HSV-1) and are annotated as such in the MDV gene nomencla-
ture. Notwithstanding the extensive homology to other alphaher-
pesviruses, some regions of the MDV genome are truly unique and
contain genes that are not found in any other herpesvirus de-
scribed so far. Among these specific genes are genes encoding the
multifunctional Meq (8) and a virokine called viral interleukin 8
(vIL-8) (9, 10), which are found in the TRL and IRL, respectively.
Both Meq and vIL-8 have been the subjects of extensive functional
studies in the past and were shown to play a substantial role in
tumor formation (Meq) and replication (vIL-8) (11–13).

Despite the wealth of information on the roles of some MDV
genes, other genome regions contain distinctive genes whose
functions remain to be elucidated. In particular, the left terminus
of the MDV UL region, positioned upstream of the UL-1 gene (a
homologue of the HSV-1 gene encoding the envelope protein gL),
is poorly characterized. Remarkably, this region contains several
potential ORFs that seem to be restricted to avian alphaherpesvi-
ruses, suggesting the genes may govern the host specificity of the
bird viruses (14, 15). Within this relatively unexplored region,
only ORF010 was characterized in some detail. ORF010 encodes a
lipase-like protein (called vLIP) that lacks catalytic activity but
nevertheless is required for efficient replication of the virus in vivo
(16). Downstream of ORF10, two predicted ORFs were originally
annotated as ORF011 and ORF012 and predicted to express two
distinct proteins (7). Here, we refer to these ORFs as ORF011* and
ORF012*. Since the original annotation of the MDV reference
sequence for the Md5 strain in 2000, the most recent annotation
postulated splicing within the ORF011* and ORF012* region,
leading to a single ORF called MDV ORF012 (Refseq NC_002229)
(7). ORF011* was consequently excluded from the annotation,
leaving a gap between ORF010 and the predicted novel and spliced
ORF012. However, these predictions were solely based on bioin-
formatic and comparative analyses rather than experimental ap-
proaches.

In this work, we addressed the expression, or lack thereof, of
the hypothetical ORFs ORF011* and ORF012* and the recently
proposed MDV ORF012 splice product. We determined that in
fact, both ORF011* and ORF012* are not autonomous units but
form a single gene produced from a spliced mRNA. Whereas
ORF011* and ORF012* do not result in the production of detect-
able individual proteins during infection, the product of the
spliced ORF012 is essential for viral growth in vitro. In addition,
p012 is phosphorylated and capable of entering the nucleus in
infected and transfected cells using a nuclear localization signal
(NLS) in the C-terminal region of the protein. NLSs are amino
acid motifs that function as recognition and docking domains for
nuclear transport carriers and thus control the import of proteins
exerting functions within this cellular compartment. Experiments
using the nuclear export inhibitor leptomycin B (LMB) also point
to active export from the nucleus back to the cytoplasm, indicating
p012 may act as a nucleocytoplasmic shuttling protein during rep-
lication.

MATERIALS AND METHODS
Bioinformatic predictions. For comparison of p012-related proteins in
different avian herpesviruses, amino acid sequences were aligned using
Clustal Omega software (http://www.ebi.ac.uk/Tools/msa/clustalo).
Splicing of the ORF012 mRNA message was predicted with the help of the
NetGene2 server (http://www.cbs.dtu.dk/services/NetGene2/) (17, 18).
In order to predict the NLS, the amino acid sequence of p012 was analyzed

with the prediction tool NLStradamus (http://www.moseslab.csb
.utoronto.ca/NLStradamus/) (19), as well as the tool NucPred (http:
//www.sbc.su.se/�maccallr/nucpred/) (20). Phosphorylation was pre-
dicted with the NetPhos 2.0 server (http://www.cbs.dtu.dk/services
/NetPhos) (21).

Cell culture and viruses. Primary chicken embryo cells (CEC) were
maintained in minimal essential medium (MEM) (Biochrom) supple-
mented with 1 to 10% fetal bovine serum (FBS) (Biochrom) and 1%
penicillin-streptomycin (Applichem). CEC were grown at 37°C under a
5% CO2 atmosphere. The spontaneously immortalized chicken embry-
onic fibroblast cell line DF-1 (ATCC CRL-12203; kindly provided by L.
Martin, MPI Berlin), was maintained in Dulbecco’s modified essential
medium (DMEM) (Biochrom) supplemented with 10% FBS, 1% penicil-
lin-streptomycin, 5% glutamine (Biochrom), and 2 mM sodium pyruvate
(Biochrom). DF-1 cells were grown at 39°C under a 5% CO2 atmosphere
and passaged twice a week. For reconstitution of viruses, primary CEC
were transfected with purified bacterial artificial chromosome (BAC)
DNA using the CaPO4 method described previously (22). The pathogenic
MDV strain RB-1B (vRb; GenBank accession no. EF523390.1) represents
a very virulent (vv) and clinically relevant virus that is available as an
infectious BAC clone (23). Strain 584Ap80C (cloned as BAC20) repre-
sents a cell culture-adapted, avirulent strain that was obtained by serial
passage of the very virulent plus (vv�) strain 584 (24) and can be grown to
high titers in vitro.

Generation of recombinant viruses. All recombinant viruses were
generated with a two-step Red-mediated mutagenesis technique, as pre-
viously described (25). Briefly, the aphAI–I-SceI cassette containing a
kanamycin resistance marker and a unique intron-encoded SceI (I-SceI)
restriction site was amplified from the vector pEPkanS1 using PCR with
primers (Table 1) containing the specific mutation to be generated, as well
as homologous sequences that allowed the desired recombination events.
The PCR products were purified and introduced by electroporation into
the Escherichia coli strain GS1783 harboring the specific BAC to be mu-
tated. Kanamycin-resistant clones were analyzed by restriction fragment
length polymorphism (RFLP) analysis with multiple restriction enzymes.
Following the second recombination step, kanamycin-sensitive clones
were analyzed by RFLP to ensure integrity of the genome and by PCR
and DNA sequencing to confirm the presence of the desired
mutation. An ORF012 start codon mutant virus (vRb�Met012,
where Met is methionine), as well as the respective revertant virus
(vRb�Met012R), were based on vRB-1B. Viruses encoding p012 with
C- or N-terminal Flag epitope tags (v20_012Flag or v20_Flag012), as
well as a mutant with a deletion in the 3= end of 012, containing the
NLS (bp 1036 to 1467; v20_012�NLSFlag), and a mutant containing
an alanine substitution for the short NLS (v20_012mutshortNLSFlag),
were based on the cell culture-adapted BAC20 (v20) strain.

Plaque size assays. BAC DNA was purified (Qiagen Midi Kit) follow-
ing the protocol provided by the manufacturer. One microgram of re-
combinant RB-1B (rRB-1B) BAC DNA (rRb), an rRb�Met012 mutant, or
an rRb�Met012R revertant was transfected into 1 � 106 CEC by the
CaPO4 method, as described previously (22). Six days after transfection,
the cells were fixed with 90% ice-cold acetone, air dried, blocked with 10%
FBS in phosphate-buffered saline (PBS), and stained with polyclonal anti-
MDV chicken sera (26) diluted 1:5,000 in 1% bovine serum albumin
(BSA) (Applichem) in PBS. Following three washing steps with PBS, the
cells were stained with secondary rabbit anti-chicken Alexa 488 antibody
(Invitrogen) diluted 1:1,000. Using an Axio-Observer Z1 fluorescence mi-
croscope (ZeissJena), images of at least 50 plaques from each virus group
were recorded at �100 magnification in three independent experiments.
Corresponding plaque areas were measured using the NIH Image J 1.410
software (27) and mathematically transformed into plaque diameter val-
ues. Graphs were produced with GraphPad Prism 5 (GraphPad Software,
Inc.), and the diameters were expressed relative to those of the parental
vRB-1B. For statistical analysis, the values were first tested for normality
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and subsequently analyzed for significance by one-way analysis of vari-
ance (ANOVA).

Cloning of expression plasmids and site-directed mutagenesis. The
expression plasmids pc_011*Flag, pc_012*Flag, pc_012Flag, and
pc_012�intFlag (all based on pcDNA3.1 and containing a C-terminal Flag
tag) were generated by PCR cloning. pc_012�intFlag was generated by
fusion PCR and is devoid of the intron in the 5= region of the gene. The
respective inserts were amplified by standard PCR from rRb BAC DNA
with Phusion polymerase (NEB) and primers containing restriction sites
for directional cloning and the Flag epitope tag (Table 1). Both vector and
inserts were cut with restriction enzymes NotI and BamHI (NEB), gel
purified, ligated with T4 DNA ligase (NEB), and transformed into Top10
competent cells (Invitrogen). pc_012�intFlag was cloned via NotI/HindIII
sites. Positive colonies were selected on ampicillin agar plates and ana-
lyzed by restriction digests and Sanger sequencing (LGC Genomics). For
site-directed mutagenesis, the QuickChange mutagenesis kit (Agilent
Technologies) was used according to the protocol provided by the man-
ufacturer. Primers were designed with the corresponding software avail-

able at the Agilent home page (Table 1). The green fluorescent protein
(GFP) fusion constructs pGFP-012cterm, pGFP-longNLS, pGFP-short-
NLS, and pGFP-RSrepeat were based on the pEGFP-C1 expression vector
(Clonetech). Briefly, fragments to be fused to the C terminus of GFP were
amplified as described above with primers and templates listed in Table 1
and cloned via SacI/EcoRI restriction sites. pGFP-012cterm was cloned
via AvaI/HindIII sites. All forward primers, except those for cloning of
pGFP-012cterm, also contained a double glycine-serine (GS) linker that
served as a spacer to add flexibility to the fused sequences (28). Positive
colonies were selected on kanamycin LB agar plates and analyzed by re-
striction digestion and agarose gel electrophoresis, as well as Sanger se-
quencing (LGC Genomics).

RNA extraction and RT-PCR analysis. To investigate putative mRNA
splicing of ORF012, 1 � 106 CEC were infected with MDV vRb or mock
infected. Additionally, DF-1 cells were transfected with pc_012�int as a
positive control. Five days postinfection (p.i.) or 24 h posttransfection
(p.t.), total RNA was extracted from cells using the RNAeasy Kit (Qiagen),
following the manufacturer’s protocol. Genomic DNA was removed with

TABLE 1 Primers used in this study

Primer Sequence (5=¡3=)a

TS1 ATGACTAGCGAGAGAGCTCTTACTCT
TS2 TGTACGCCAAATTTTACAACGATTAT
TS3 CTATTCATCATCTGAACTCGACATCC
chGAPDH for ATGGTGAAAGTCGGAGTCAACG
chGAPDH rev TCACTCCTTGGATGCCATGTG
vR�012 for AACGAGAGGTTGGTAACAAACAGCTTTTGAAAATAAACTAGCGAGAGAGCTAGGGATAACAGGGTAATCGATTT
vR�012 rev TACCAGGCGCGAGAGTAAGAGCTCTCTCGCTAGTTTATTTTCAAAAGCTGGCCAGTGTTACAACCAATTAACC
vR�012R for AACGAGAGGTTGGTAACAAACAGCTTTTGAAAAATGACTAGCGAGAGAGCTAGGGATAACAGGGTAATCGATTT
vR�012R rev TACCAGGCGCGAGAGTAAGAGCTCTCTCGCTAGTCATTTTTCAAAAGCTGGCCAGTGTTACAACCAATTAACC
v20_012Flag for AGATCTTGTGGTTCTTGGGATGTCGAGTTCAGATGATGAAGACTACAAAGACGATGACGACAAGTAGCATTTGC

CAGTGTTACAACCAATTAACC
v20_012Flag rev ACAGTGGATTTGCAATCACACAACATATACACAAATGCTACTTGTCGTCATCGTCTTTGTAGTCTTCATCATTAG

GGATAACAGGGTAATCGATTT
v20_012�NLSFlag for CTTGGATACCGTTGTCGTTCGAGATCACCCAGTAACACATGACTACAAAGACGATGACGAGCCAGTGTTACAAC

CAATTAACC
v20_012�NLSFlag rev ATATACACAAATGCTACTTGTCGTCATCGTCTTTGTAGTCATGTGTTACTGGGTGATCTCTAGGGATAACA

GGGTAATCGATTT
v20_012mutshortNLSFlag for ATAACAGTGAAGATCCAAACCGTAGTCGGAGCCGGAGTCGATCTAGGGAGGCAGCGGCAGCAGCCGCAGCAGT

TAGGCCTGCCAGTGTTACAACCAATTAACC
V20_012mutshortNLSFlag rev CCACAAGATCTCGTATAGTTGTAGCCGTACTCCTACGCCCAGGCCTAACTGCTGCGGCTGCTGCCGCTGCCTCC

CTAGATTAGGGATAACAGGGTAATCGATTT
012*Flag for ACTCGAGCGGCCGCGCCACCATGTTTACCGGAGGAGGAACTATTG
012*Flag rev GAGCTCGGATCCTTACTTGTCGTCATCGTCTTTGTAGTCTTCATCATCTGAACTCGACATCCC
012�intFlag for CTCGAGCGGCCGCGCCACCACCATGACTAGCGAGAGAGCTCTTACTCTCGCGCCTGGTAAAGTTTCGACGGCAGA

TATTTATGAAGCCGATTTCAGTTTCCGTCGTGAATTTGTACGCCAAATTTTACAACGATTATTCCCAAGGACCTT
012�intFlag rev AACTTAAGCTTCTACTTGTCGTCATCGTCTTTGTAGTCTTCATCATCTGAACTCGACATCCCA
GFPcterm for CAGATCTCGAGTAGTTCGAGATCACCCAGTAACACATCG
GFPcterm rev AATTCGAAGCTTTTATTCATCATCTGAACTCGACATCCC
GFP_GSlinker for CAGATCTCGAGCTCAAGGAGGCAGTGGTGGAGG
GFPlongNLS template AAGGAGGCAGTGGTGGAGGCAGTGGTCGTAGTCGGAGCCGGAGTCGATCTAGGGAGCGTAGGCGAAGACGGC

CACGAGTTAGGCCTGGGCGTAGGTAA
GFPlongNLS rev TCGACTGCAGAATTCTTACCTACGCCCAGGCCTAAC
GFPshortNLS template AAGGAGGCAGTGGTGGAGGCAGTGGTCGTAGGCGAAGACGGCCACGATAA
GFPshortNLS rev GTCGACTGCAGAATTCTTATCGTGGCCGTCTTCGC
GFP_RSrepeat template GAGCTCAAGGAGGCAGTGGTGGAGGCAGTGGTCGTAGTCGGAGCCGGAGTCGATCTAGGGAGTAAGAATTC
GFP_RSrepeat rev TCGACTGCAGAATTCTTACTCCCTAGATCGACTCCGG
012mutshortNLS for TCGGAGCCGGAGTCGATCTAGGGAGGCTGCGGCAGCAGCGGCAGCAGTTAGGCCTGGGCGTAGGAGTACG
012mutshortNLS rev CGTACTCCTACGCCCAGGCCTAACTGCTGCCGCTGCTGCCGCAGCCTCCCTAGATCGACTCCGGCTCCGA
012mutRSrepeat for ACAGTGAAGATCCAAACGCCGCAGCGGCTGCAGCAGCTGCCAGGGAGCGTAGGCGAAGACGG
012mutRSrepeat rev CCGTCTTCGCCTACGCTCCCTGGCAGCTGCTGCAGCCGCTGCGGCGTTTGGATCTTCACTGT
012mutStoA for GTGAAGATCCAAACCGTGCTCGGGCCCGGGCTCGAGCTAGGGAGCGTAGGCGA
012mutStoA rev TCGCCTACGCTCCCTAGCTCGAGCCCGGGCCCGAGCACGGTTTGGATCTTCAC
a Regions of interest (restriction sites, mutated sequences, epitope tags, and sequences representing the exon-exon border of ORF012 [primer TS2]) are underlined.
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gEliminator columns (Qiagen), as well as an additional on-column DNase
digest (Qiagen). Eluted RNA was quantified using a spectrophotometer
(Nanodrop). Reverse transcriptase (RT) PCR was performed with the
indicated primers (Table 1 and Fig. 2) in a two-step reaction. First, cDNA
was synthesized from 500 ng of total RNA using the Omniscript RT Kit
(Qiagen) in a 20-�l reaction mixture. Half a microliter of the reaction
mixtures was used in PCR (95°C for 5 min; 30 cycles of 95°C for 30 s, 62°C
for 30 s, and 72°C for 2.5 min; and 72°C for 10 min), and the amplicons
were separated on 1% agarose gels. In addition, the amplicons were sub-
jected to Sanger sequencing (LGC Genomics). Reaction mixtures to
which no RT was added served as a control for genomic-DNA contami-
nation, and amplification of chicken glyceraldehyde-3-phospate dehy-
drogenase (GAPDH) served as an internal control.

Western blot analysis. CEC (1 � 106) were infected with the same
number of PFU of MDV v20, a mutant virus encoding a C-terminally
(v20_012Flag) or N-terminally (v20_Flag012) Flag-tagged p012. Infected
cells were harvested 5 days p.i. and lysed in RIPA buffer (20 mM Tris-HCl,
150 mM NaCl, 1% [vol/vol] Nonidet P-40, 0.5% [wt/vol] sodium deoxy-
cholate, 0.1% [wt/vol] SDS) supplemented with Complete Mini protease
inhibitor (Roche) and phosphatase inhibitor cocktail (Sigma). The lysates
were separated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), and the proteins were transferred onto polyvinylidene
difluoride membranes (Carl Roth) using the Bio-Rad wet-blot system.
Subsequently, the membranes were blocked with 3% BSA in PBS and
incubated overnight at 4°C with polyclonal rabbit anti-Flag antibody
(Sigma) or rabbit polyclonal anti-actin antibody (Cell Signaling), both
diluted 1:1,000 in blocking buffer. Following washing with PBS contain-
ing 0.1% Tween 20 (Carl Roth), the membranes were incubated for 1 h at
room temperature with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit antibody (Cell Signaling) diluted 1:10,000. Finally, the mem-
branes were incubated with enhanced chemiluminescence (ECL) Plus
Western blot detection reagent (GE Healthcare), and the signal was re-
corded using a Chemi-Smart 5100 detection system (PeqLab). To remove

bound antibodies, the membranes were incubated twice with stripping
buffer (50 mM glycine, 2% [vol/vol] SDS) at room temperature on an
orbital shaker, washed twice with PBS, blocked with blocking buffer, and
reprobed with antibodies. For dephosphorylation experiments, DF-1 cells
transfected with pc_012Flag were lysed in RIPA buffer 24 h p.t. Prior to
Western blotting, some lysates were treated with � protein phosphatase
(LPP) (NEB) or mock treated for 30 min according to the manufacturer’s
protocol to analyze the phosphorylated state of proteins.

Phos-tag Western blotting to determine phosphorylation of p012.
In order to validate the phosphorylation of p012, we used the Phos-tag
reagent (Wako Chemicals) as described in the manual provided by the
supplier. Phos-tag binds specifically to phosphorylated proteins in the
presence of manganese ions (MnCl2) and decreases the migration of
phosphoproteins in SDS-PAGE (29, 30). Briefly, 25 �M Phos-tag solution
and 1 mM MnCl2 solution were added to the gel mixture prior to casting.
Subsequent Western blotting was performed as described above.

Transfection of expression plasmids, indirect immunofluorescence
microscopy, and quantification of cellular localization. DF-1 cells (1 �
104) seeded on glass coverslips in a 24-well plate were transfected with 1
�g of plasmid DNA using 3 �l Fugene HD transfection reagent (Pro-
mega). The cells were washed with PBS at 24 h p.t., fixed with 3% para-
formaldehyde in PBS for 10 min at room temperature, and permeabilized
with 0.1% Triton X-100 in PBS for 10 min at room temperature. Follow-
ing a blocking step with 5% FBS in PBS, the cells were stained with poly-
clonal rabbit anti-Flag antibody (Sigma) diluted 1:1,000 in 1% BSA-PBS
for 1 h at room temperature, washed, and incubated with goat anti-rabbit
Alexa 568 antibody (diluted 1:2,000; Life Technologies) for 1 h. Finally,
the cells were stained with Hoechst 33342 (Life Technologies) to visualize
nuclei, and coverslips were mounted with PermFluor mounting medium
(Thermo Scientific). For pEGFP-C1 fusion constructs, cells were fixed 24
h p.t. and stained with Hoechst 33342 (Life Technologies). To quantify the
intracellular distribution of p012, NLS deletion proteins, and the GFP
fusion constructs, we used a semiquantitative transfection assay based on

FIG 2 Analysis of ORF012 splicing in MDV infection by RT-PCR. (A) Positions of primer binding regions on ORF012 cDNA. Two sets of primers specific for
the 5= and 3= coding regions of the ORF012 transcript (TS1 and TS3) or the exon-exon border (TS2) were used. The primer sequences are listed in Table 1. (B)
Primers were tested using genomic RB-1B DNA. Note that no product should be obtained with the primer combination TS2 and TS3 due to the absence of the
exon-exon border in genomic DNA. (C) Total RNA of MDV-infected or mock-infected CEC was extracted 5 days p.i. The RNA was reverse transcribed into
cDNA with the indicated primers. Amplification products obtained by subsequent PCR were analyzed by agarose gel electrophoresis. cDNA prepared from DF-1
cells transfected with an expression plasmid encoding an intronless ORF012 construct (termed pc_012�int) served as a positive control and size marker (lanes
�ctrl). The amplicons were subjected to Sanger sequencing and showed 100% identity with the predicted mRNA. cDNA of chicken GAPDH mRNA served as an
internal control (bottom), and RT-negative control reactions excluded genomic DNA contamination (middle). (D) To show that splicing of ORF012 is
independent of other viral factors, total RNA of DF-1 cells transfected with the pc_012�int, pc012, or pcDNA3.1 vector (negative control) was extracted 24 h after
transfection. Samples were subsequently treated as described for panel C. Sequencing revealed 100% identity with the predicted ORF012 mRNA sequence.
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expression plasmids as described previously by Brock et al. (31). Images of
at least 200 fluorescence-positive cells for each transfected construct were
captured with an Axiovision microscope (�400 magnification) in a ran-
domized fashion. In replicate experiments, the cellular distribution of the
fluorescence signal within each cell was classified by an individual blinded
to the experimental groups into one of three categories: (i) predominantly
nuclear localization, (ii) mixed nuclear/cytoplasmic localization, or (iii)
predominantly cytoplasmic localization.

Leptomycin B treatment. In order to test the effects of the nuclear
export inhibitor leptomycin B (Sigma-Aldrich) on p012 localization,
DF-1 cells (1 � 104) plated on glass coverslips in a 24-well plate were
transfected with 1 �g of plasmid DNA using Fugene HD. At 6 h p.t., cells
in individual wells were incubated with fresh medium containing 2 �M
leptomycin B or were mock treated with diluent. The cells were further
incubated for 9 h, fixed with 3% paraformaldehyde, and analyzed for
subcellular localization as described in the previous paragraph. In a dif-
ferent experiment, cells were incubated with 20 �M leptomycin B at 10 h
p.t. and then fixed after 5 h of treatment. Differences between absolute cell
numbers were tested for significance by the �2 test.

RESULTS
Location of ORF012 in the MDV genome. Despite its extensive
colinearity with varicella-zoster virus (VZV) and HSV-1, the
MDV genome contains a sequence stretch within the UL region
that seems to be exclusively present in avian alphaherpesviruses
(Fig. 1). A potential role in the host range has, therefore, been
proposed for the genes in this area (14). Nevertheless, the region is
poorly characterized regarding its coding capacity. The annota-
tion of MDV ORFs that do not have comparable homologues in
other herpesviruses is not a trivial task and usually relies heavily on
bioinformatic predictions. Early attempts at genome-wide anno-
tations for several MDV strains deposited in GenBank resulted in
the provisional prediction of two potential ORFs, named ORF011
and ORF012, in the 5= region of the UL segment. We refer to these
ORFs as ORF011* and ORF012* in the present work in order to
clearly differentiate them from the newly identified ORF012.

Based on early predictions, the region downstream of the
MDV lipase-like protein vLIP (ORF010) contains a putative
ORF011* with a length of 258 bp (GenBank AAG14191.1), fol-
lowed by ORF012* with a predicted size of 1,155 bp (GenBank
AAG14192.1) (Fig. 1). The two predicted ORFs are separated by a
short intergenic sequence of 139 bp. However, a more recent an-
notation predicted splicing within the ORF011*-ORF012* region
(GenBank NC_002229.3). We confirmed these predictions by
bioinformatic analysis using the NetGene2 server (17, 18). The
analysis revealed putative splicing of a small intron of 82 bp within
ORF011*, because the sequence matched the consensus sequence
for classical splice acceptor and donor sites with high scores (Fig.
1). The splicing would lead to the fusion of the two putative exons
of ORF011* and, as a consequence, result in a frameshift mutation
and readthrough into ORF012*. The predicted spliced transcript,
therefore, represents an mRNA in which ORF011* and ORF012*,
as well as the former intergenic region, are joined together to form
a single transcript termed ORF012. The predicted protein en-
coded by ORF012 is a 489-amino-acid protein with a calculated
molecular mass of 55 kDa. Interestingly, ORF012 was already an-
notated as a putatively spliced gene following an update of the
Md5 strain reference sequence in 2007, and consequently,
ORF011* was excluded from this new annotation (NC_002229.3).
However, to our knowledge, no experimental evidence has been
provided for this splicing event, nor has any functional character-
ization been performed.

Splicing of MDV ORF012 during infection of chicken cells.
In order to determine the predicted splicing of ORF012 by RT-
PCR, we generated a synthetic ORF012 construct that was devoid
of the predicted intron using fusion PCR and cloned the fragment
into the pcDNA3.1 expression vector. The construct was termed
pc_012�int to differentiate it from the original ORF012 sequence
that still contains the predicted intron. Additionally, we designed
forward and reverse primers specific for the 5= and 3= coding re-
gions of the ORF012 transcript (TS1 and TS3), as well as a forward
primer spanning the predicted exon-exon border within its 3=-
terminal portion (TS2) (Fig. 2A). First, we controlled both primer
sets in PCRs using rRb BAC DNA. The combination of primers
TS1 and TS3 yielded an expected DNA fragment of 1,552 kb that
contained the intron sequence. Due to the nonexistent exon-exon
border in genomic DNA, the combination of primers TS2 and TS3
did not yield any product (Fig. 2B). In order to demonstrate splic-
ing, we produced cDNA from total RNA of vRb or mock-infected
CEC at 5 days p.i. Using both primer sets, a single fragment from
the cDNA of infected cells was amplified that corresponded in size
to control cDNA generated from chicken cells transfected with the
intronless pc_012�int (Fig. 2C). In addition, the band was absent
in mock-infected cells (Fig. 2C). The PCR products were gel pu-
rified and subjected to Sanger sequencing and revealed perfect
sequence identity with the predicted spliced mRNA. PCRs per-
formed on RT-negative (	RT) samples served as a control for
possible DNA contamination (Fig. 2C, middle). In addition, DNA
contamination of RNA was excluded using primer TS2, which is
capable of priming only the exon-exon border within the spliced
mRNA. Chicken GAPDH levels served as an internal control (Fig.
2C, bottom).

To further validate our results, we repeated the RT-PCR anal-
ysis with cDNA generated from chicken DF-1 cells transfected
with pc_012�int (positive control), pc_012, or pcDNA3.1. Again,
we were able to amplify a single band of the expected size whose
sequence was identical to that of the predicted ORF012 mRNA
(Fig. 2D). We therefore concluded that ORF011* and ORF012* do
not represent independent genes but one single unit that is com-
prised of two exons that are separated by an 82-bp intron close to
the 5= region of the novel ORF012. The intron is spliced during
both transfection of the expression construct and virus replica-
tion, suggesting it is spliced independently of viral factors.

p012, but not p012* by itself, is produced during MDV infec-
tion. Despite the clear indication of a splicing event, we consid-
ered the possibility that ORF012 represents only a splice variant
and that an individually expressed ORF012* may be produced.
That is, p012* could be translated from the predicted in-frame
start codon of ORF012* within the ORF012 mRNA (compare Fig.
1). In order to investigate the protein-coding capacity of ORF012
mRNA, we analyzed protein translation from its transcript. We
individually cloned ORF012* and ORF012 into the pcDNA3.1
expression vector with C-terminal Flag tags. Furthermore, we
used the cell culture-adapted, apathogenic MDV strain v20 (24) to
generate FLAG epitope-tagged versions of p012 (v20_012Flag).
We hypothesized that due to the significant differences in the pre-
dicted molecular masses of p012* and p012 (44 kDa versus 55
kDa, respectively), the v20_012Flag virus would allow the differ-
entiation of each protein by Western blot analysis. We infected
CEC with 200 PFU of v20 or v20_012Flag for 5 days and then
subjected the cell lysates to Western blot analysis. Lysates of cells
transfected with the pc_012*Flag or pc_012Flag expression plas-
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mid served as controls and internal size markers. As shown in Fig.
3, we could detect the presence of a specific band of �55 to 60 kDa
in lysates of cells transfected with pc_012*Flag (lane 1), as well as a
band of 75 to 80 kDa in lysates of cells transfected with pc_012Flag
(lane 2), indicating that both proteins can be produced from ex-
pression plasmids in DF-1 cells. Most importantly, only a single
band corresponding to the size of p012Flag, but not p012*Flag,
was present in lysates of v20_012Flag-infected DF-1 cells (lane 4).
As expected, no p012Flag-specific band could be detected in the
negative control, v20-infected cells (lane 3), using the Flag anti-
body. Interestingly, both p012* and p012 appeared to have higher
molecular masses than predicted. Although some deviation of ap-
parent molecular masses after SDS-PAGE from those predicted
based on the amino acid sequence is common (32), the differences
observed were much greater and thus could be due to posttrans-
lational modification.

Contrary to expression of p012* alone, we considered produc-
tion of a protein from ORF011* as highly unlikely due to the
efficiency of the splicing process. Mechanisms that suppress splic-
ing of ORF011* (e.g., intron skipping) and that would retain the
stop codon would have to be active in order to generate a func-
tional protein. We were unable to detect any such protein (pre-
dicted molecular mass of the theoretical protein, 10 kDa) in
pc_011*Flag-transfected DF-1 cells when applying indirect im-
munofluorescence microscopy or Western blotting (data not
shown). Nevertheless, to corroborate our results, we introduced a
Flag tag immediately downstream of the initiation codon of the
putative ORF011* (v20_Flag011). Again, we were unable to detect
the presence of a low-molecular-weight protein following West-
ern blotting of infected CEC cells (data not shown). In summary,
we concluded that only p012 from a spliced mRNA is synthesized
in virus-infected cells.

ORF012 is essential for viral replication in vitro. Next, we
determined whether ORF012 was dispensable for viral replication
in vitro. Using two-step Red-mediated mutagenesis, we replaced
the start codon of ORF012 in the pathogenic RB-1B strain with a
stop codon (rRb�Met012) to prevent translation of the protein.
The resulting mutant virus, vRb�Met012, was severely replication

impaired following reconstitution in CEC. The numbers, as well
as the sizes, of plaques were significantly smaller than those of the
parental vRb (Fig. 4). ORF012-null virus plaques also displayed a
different phenotype, as they appeared less “dense” and reminis-
cent of a cluster of single infected cells with many interspersed
uninfected cells rather than the characteristic dense clusters of
infected cells normally seen for the parental MDV. More impor-
tantly, we were unable to expand vRb�Met012 by serial passaging
of infected cells despite multiple attempts (n 
 6). Even in very
early passages following reconstitution, scant signs of cytopathic
effects could be observed, indicating a severe impact on viral rep-
lication in the absence of p012. Consequently, classical single- or
multistep growth kinetics could not be performed.

To exclude the possibility of secondary site mutations intro-
duced during BAC mutagenesis, we generated a revertant virus
(vRB-1B�Met012R) in which the start codon was restored. In
three independent experiments, the sizes of at least 50 plaques for
each virus were determined and compared based on calculated
diameter values. As demonstrated in Fig. 4, vRB-1B�Met012 in-
duced significantly smaller plaques and reached only approxi-
mately 30% of the mean diameters determined for wild-type and
revertant virus, which were not significantly different from each
other. The computed diameters were tested for normality of dis-
tribution and for significance by 1-way ANOVA (P � 0.01). Given
the dramatically reduced size of the vRB-1B�Met012 plaques and,
more importantly, our inability to expand the virus by serial pas-

FIG 3 Detection of p012, but not p012*, in MDV-infected cells by Western
blot analysis. CEC infected with 200 PFU of MDV v20 or v20_012Flag were
collected 5 days p.i. Lysates were separated by SDS-7.5% PAGE, followed by
immunoblotting. Lysates of DF-1 cells transfected with pc012*Flag or
pc012Flag were used as controls and internal size markers, respectively. Mem-
branes were incubated with polyclonal rabbit anti-Flag (�-Flag) antibody,
washed, and incubated with secondary goat anti-rabbit HRP antibody. For the
detection of actin as a loading control, the blots were stripped, blocked, and
reprobed with rabbit anti-actin antibody. Note the absence of a band corre-
sponding to p012 in lysates of virus-infected cells. The positions of mass
marker bands are indicated on the left.

FIG 4 p012 is essential for viral replication in vitro. Quantification of viral
replication by plaque size assay is shown. Cells were transfected with rRb DNA,
a mutant BAC in which the start codon of ORF012 was replaced with a stop
codon (rRb�Met012), and a revertant construct in which the start codon was
repaired (rRb�Met012R). At 5 days after transfection, plaques were stained by
indirect immunofluorescence using an MDV-specific polyclonal antiserum,
and the diameters of at least 50 plaques in three independent experiments were
determined. Whisker plots of plaque diameter distributions relative to wild-
type virus are shown (whiskers, minimum to maximum; line, median; box,
interquartile range). Representative images of plaques are shown at the top.
The results were tested for normality and subsequently analyzed for signifi-
cance by 1-way ANOVA (***, P � 0.01).
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saging, we concluded that ORF012 is important for replication of
the RB-1B wild-type virus.

p012 localizes predominantly to the nuclei of transfected and
infected cells. Next, we focused on elucidating the potential role
p012 may play during MDV replication. First, we determined the
protein’s subcellular localization in DF-1 cells. p012 exhibited a
predominantly nuclear localization in transfected DF-1 cells (Fig.
5A) that were analyzed by indirect immunofluorescence. The re-
maining fraction of positive cells showed either a mixed nuclear-
cytoplasmic or a predominantly cytoplasmic distribution of p012.
The same localization pattern was apparent in cells transfected
with the pc012�int control plasmid that expresses the synthetic
intronless version of p012 (Fig. 5A). This was not unexpected,
since the construct is devoid of the intron but otherwise leads to
the production of an identical protein.

In order to quantify the subcellular localization, we categorized
the distribution of p012 in a blinded approach in more than 200
cells per construct by indirect immunofluorescence microscopy.
Although our approach is of a semiquantitative nature, this
method has already been used to quantify the nuclear localization
of viral factors (31). The distribution of p012 was categorized into
three classes: (i) predominantly nuclear, (ii) mixed nuclear-cyto-
plasmic, or (iii) predominantly cytoplasmic. Figure 5B shows the
combined results of two independent experiments. The number
of cells in each category in relation to all analyzed cells is displayed
as percentage values. In approximately 55 to 65% of the analyzed
cells, we found an entirely nuclear distribution of the target pro-
tein 24 h posttransfection (black). In the remaining cells, 30 to
35% were predominately cytoplasmic (white), while 5 to 10%
contained p012 in both the nucleus and cytoplasm (gray). A sim-
ilar distribution was apparent in cells transfected with the

pc_012�int control plasmid (middle bar). The distribution of p012
was also comparable at 48 h posttransfection (right bar).

Since the synthesis of viral proteins from expression vectors
does not necessarily reflect the situation during infection, we val-
idated our results in CEC infected with v20_012Flag. In agreement
with our transfection experiments, p012 localized mainly to the
nucleus in MDV-infected cells, while a smaller fraction of cells
showed predominantly cytoplasmic or mixed (nuclear and cyto-
plasmic) localization (see below).

p012 contains a functional nuclear localization signal in its
C-terminal domain. The predominant nuclear localization of
p012 prompted a bioinformatic search for potential NLSs. Two
different NLS analysis tools predicted a potential monopartite
NLS in the C-terminal portion of p012. NucPred (20) predicted an
NLS comprised of six basic arginines and one proline ranging
from amino acids 457 to 463 (457RRRRRPR463) with high proba-
bility. We provisionally termed the sequence stretch “short NLS.”
In addition, analysis of the protein sequence with the tool
NLStradamus (19) identified an NLS with the sequence 447RSRSR
SRSRERRRRRPRVRPGRR469, which overlapped with the short
NLS but was considerably longer and was thus termed “long NLS”
(Fig. 6A).

In order to determine the importance of the NLS sequence in
p012, we deleted the 3= region of the ORF012 gene within the viral
genome of vRB-1B. The deletion removed about 1/3 of the pro-
tein, encompassing both potential NLSs. In another mutant virus,
we replaced the basic amino acids with alanine residues within the
provisionally termed short NLS. Interestingly, both mutant vi-
ruses were replication incompetent; however, when these muta-
tions were replaced with wild-type sequences, the respective rever-

FIG 5 Nuclear/cytoplasmic localization of MDV p012 in transfected cells. (A) DF-1 cells on coverslips were transfected with pc012Flag. The expression plasmid
pc012�intFlag served as a control. At 24 h after transfection (48 h in the case of p012), the cells were fixed, permeabilized, and stained with polyclonal rabbit
anti-Flag antibody (red). The transfected cells were costained with Hoechst 33342 to visualize the nuclei (blue). (B) Localization was quantified by indirect
immunofluorescence microscopy as described in Materials and Methods. The results shown are from two independent experiments. nuc, nuclear; cyto,
cytoplasmic.
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FIG 6 Prediction and mapping of an NLS in p012. (A) Schematic representation of the C-terminal 50 amino acids (aa) of p012. The position of two putative overlapping
nuclear localization signals is indicated (boxed and grey/underlined). (B) Mutational disruption of the p012 NLS in MDV v20 inhibits nuclear accumulation. CEFs were
infected with v20_012Flag, a C-terminal deletion mutant (v20_012�NLSFlag), or an alanine substitution mutant corresponding to the predicted short NLS
(v20_012mutshortNLS) (bottom). At 5 days p.i., the cells were fixed, permeabilized, and stained with polyclonal rabbit anti-Flag antibody. Arrows indicate cells with represen-
tative localization of p012. (C) Mutational mapping of essential NLS regions in p012. Alanine substitutions in the NLS are indicated in gray. DF-1 cells were transfected with
pc012Flag, pc012FlagmutRS, or pc012FlagmutshortNLS. Images of representative results, as well as the quantification of three independent experiments, are shown.
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tant viruses were rendered fully replication competent again (data
not shown).

These results were reminiscent of the growth defect induced by
the ORF012-null virus vRb�Met012 (Fig. 4) and already pointed
to the functional importance of the NLS in viral replication. At the
same time, they presented us with the problem of being unable to
further investigate the localization of p012 in the context of viral
infection. We therefore turned to the avirulent and cell culture-
adapted v20 MDV strain to further investigate the expression of
p012 during replication. As with vRB-1B, we deleted the region
containing the predicted NLS in the v20 virus carrying a C-termi-
nal Flag tag, a virus that we had previously used to detect p012 by
Western blotting (Fig. 3). Again, the deletion massively impaired
the replication of the mutant compared to the parental virus but
still allowed visualization of plaques. As seen in Fig. 6B, p012 nu-
clear localization was virtually absent in cells infected with the
deletion mutant v20_012�NLSFlag. In contrast, nuclear localiza-
tion was again observed with the parental virus v20_012Flag. To
validate our observations, we investigated the localization of p012
in a virus mutant containing an alanine substitution for the short
NLS. The virus, termed v20_012mutshortNLS, exhibited the same
phenotype as the deletion mutant (Fig. 6B, bottom). We con-
cluded from our results that the predicted NLS has an essential
function in nuclear import of p012 and that not only the presence
of p012, but also its nuclear localization during infection, is im-
portant for viral growth. It is not known why the effects of the NLS
mutations are more severe in the vRB-1B than in the v20 back-
ground, but it most likely is the result of the cell culture adaptation
of v20, which has led to numerous deletions, insertions, and point
mutations, affording it a greater capacity to replicate in vitro (33).

Mutational mapping of the p012 NLS. Our previous results
with a mutant virus indicated the importance of the predicted NLS
for nuclear import of p012. Given the fact that two different, but
overlapping, NLSs were predicted, we wished to determine
the bona fide NLS sequence by substitution mutagenesis and
reporter-based mapping approaches. To do this, we employed
DF-1-based transfection assays, as described previously. First, the
short NLS with the sequence 457RRRRRPR463 was replaced with
alanine residues by site-directed mutagenesis in the pc_012Flag
expression vector, resulting in plasmid pc_012mutshortNLS (Fig.
6C). Accordingly, we deleted a region encoding an arginine-ser-
ine-rich dipeptide repeat motif (447RSRSRSRSR455), which repre-
sents approximately the first half of the predicted long NLS but is
separated from the short NLS by one glutamic acid residue (Fig.
6C). We termed the plasmid pc_012mutRSrepeat. Mutation of
the short NLS sequence almost completely abolished nuclear lo-
calization, as seen using immunofluorescence microscopy in
transfected cells. Surprisingly, the mutation of the RS repeat se-
quence had a comparable effect on nuclear localization, reducing
the percentage of cells in this category to 7% (Fig. 6C). Neverthe-
less, we found a small percentage of cells with mixed cytoplasmic-
nuclear localization in both cases. We concluded that not only the
short NLS region, but also the preceding RS-rich motif is neces-
sary for efficient nuclear import of p012.

The p012 NLS is transferable and can shuttle GFP to the nu-
cleus. The previously described NLS mutation experiments sug-
gested the involvement of the long NLS in nuclear localization of
p012. Nevertheless, deletion experiments alone are not adequate
to determine whether a specific sequence within a nuclear protein
is sufficient for localization. Therefore, we cloned different p012

NLS-GFP fusion constructs based on the pEGFP-C1 expression
vector (Fig. 7A and B). Again, we quantified GFP localization in
transfection assays. Figure 7C shows the combined results of two
independent experiments. A baseline level of nuclear-cytoplasmic
localization in a small percentage of cells transfected with the GFP
control vector was apparent and reached about 8%. This effect can

FIG 7 The p012 NLS is transferable and sufficient for nuclear import of GFP.
(A) Schematic representation of cloned GFP-NLS fusion constructs. cterm,
C-terminal. (B) DF-1 cells were transfected with either pEGFPc-1_cterm,
GFP_longNLS, GFP_shortNLS, GFP_RSrepeat, or the empty vector. (C) Sub-
cellular localization of GFP was quantified as described in Materials and Meth-
ods. The results of two combined experiments are shown.
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probably be attributed to a nonspecific accumulation of GFP and
has been documented previously (34). Complementing our pre-
vious results of the NLS mutagenesis experiments, GFPs fused
with either the C-terminal 150 amino acids of p012 or the long
NLS were equally efficient at shuttling GFP to the nucleus. Nuclear
localization was found in about 70% of transfected cells in both
cases. Importantly, neither a GFP fused to the RS repeat nor a GFP
fused to the sequence encompassing the short NLS was able to
enter the nucleus above control levels. We concluded from these
experiments that the long NLS (447RSRSRSRSRERRRRRPRVRP
GRR469) is necessary and sufficient for NLS function and nuclear
import of p012. Most likely, the sequence 457RRRRRPR463 consti-
tutes only part of the functional signal.

Nuclear export of p012 can be inhibited with leptomycin B.
As is evident in Fig. 6 and 7, p012 showed a clear nuclear localiza-
tion in transfected, as well as infected, chicken cells. When we
quantified the distribution of the viral protein in transfected cells,
about 70% of the cells showed an exclusively nuclear localization,
whereas the remaining 30% of the cells were categorized as pre-
dominantly cytoplasmic. This distribution raised the question of
whether p012, apart from its NLS-driven nuclear import, could
also be actively exported from the nucleus. We tested this hypoth-
esis by quantifying the subcellular distribution of p012 at different
times posttransfection over a period of 48 h. Figure 8A shows the
results of two combined experiments. Within the first 6 h post-
transfection, almost all transfected cells showed nuclear localiza-
tion of p012 (first bar from left). However, from this time point
onward, the protein was found to localize predominantly to the
cytoplasm and reached equilibrium around 36 h posttransfection
with little change at later time points (Fig. 8A). These results sug-
gested active export of p012 from the nucleus to the cytoplasm, at
least in transfected cells. In a second experiment, we applied LMB,
a potent inhibitor of nuclear export to transfected cells. LMB acts
by binding to the karyopherin export protein CRM-1 and pre-
vents its interaction with proteins harboring leucine-rich nuclear
export signals (NES) (35). If p012 were actively exported from the
nucleus by CRM-1, LMB treatment would lead to increased nu-
clear accumulation of the protein. Figure 8B shows the summa-
rized results quantifying the cytoplasmic localization of p012 in
three independent experiments under LMB treatment. In one ex-
periment, cells were incubated at 6 h posttransfection with 2 �M
LMB for 9 h, an inhibitor concentration and time period that did
not induce any visible cytotoxicity (data not shown). We noticed a
mean reduction of cells, with cytoplasmic localization of around
18% compared to mock-treated cells (Fig. 8B). In a second exper-
iment, we used 20 �M LMB, the highest concentration recom-
mended by the supplier, for a shorter period. Again, we were able
to detect a difference of about 10% versus nontreated cells. The
effect of LMB on cells appeared rather mild, but differences in the
combined absolute numbers of 5 independent experiments were
highly significant, as determined with a �2 test (P � 0.001). This
result indicates that p012 is indeed actively exported from the
nucleus. Initial bioinformatic predictions yielded no clear candi-
dates for a classical NES (36, 37), and the potential existence of
export signals remains to be established. However, p012 contains
36 leucine residues, amounting to approximately 8% of its 489
total amino acids. Together with arginine, which is a major com-
ponent of the NLS, leucine is among the most prevalent amino
acids in the p012 sequence. Thus, there may potentially be an

unknown NES within p012 that bioinformatic analysis cannot
predict at this time.

Phosphorylation of p012. The C-terminal portion of p012
near the NLS also contains a number of serine and tyrosine resi-
dues. Both amino acids can serve as targets for phosphorylation.
This is of particular interest, since phosphorylation of amino acids
proximal to an NLS can modulate its activity and influence sub-
cellular protein localization (38). When we performed Western
blot analysis of transfected and infected cells (Fig. 3), we noted
that p012 migrated as multiple bands that often appeared as a
smear, suggesting posttranslational modification of p012. In order
to assess whether p012 is a potential target for phosphorylation,

FIG 8 Leptomycin B inhibits nuclear export of p012. (A) DF-1 cells were
transfected with pc012Flag. At the indicated time points, cells were fixed and
stained. The results of two independent experiments are shown. (B) DF-1 cells
were transfected with pc012Flag. At 6 h or 10 h after transfection, the cells were
incubated with 2 �M or 20 �M LMB and treated for 9 h or 5 h, respectively,
before fixation and staining. The combined results of 5 independent experi-
ments are shown as percentages of cells with predominantly cytoplasmic lo-
calization. Lines and error bars represent the mean values and the standard
error of the mean (SEM), respectively. Note that the axis is scaled to 50%.
Differences were tested for significance by �2 tests (***, P � 0.01).
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we treated lysates of DF-1 cells transfected with pc_012Flag with
LPP prior to Western blotting. As shown in Fig. 9A, treatment
with LPP clearly changed the migration properties of p012 com-
pared to mock-treated lysates. In particular, the observed band
notably decreased in size, an observation that strongly suggests
p012 phosphorylation at multiple residues.

To further confirm our results, we employed a phosphate-
binding tag called Phos-tag in combination with Western blotting.
The reagent is capable of binding phosphorylated proteins in the
presence of manganese ions, thereby inducing slower migration in
SDS-PAGE of phosphoproteins than of their unaffected dephos-
phorylated counterparts (29, 30). However, it has to be noted that
the addition of Phos-tag and MnCl2 to acrylamide gels has by-
stander effects on the migration of proteins within complex cellu-
lar lysates, and effects like tailing or waving of bands have been
described previously (29).

As seen in Fig. 9B, we could detect a dramatic mobility shift of

the phosphorylated form compared to LPP-treated p012, indicat-
ing phosphorylation at potentially multiple residues. In addition,
we could detect several bands of phosphorylated p012 (Fig. 9B,
left, arrows), an effect that could reflect different phosphorylation
states of the protein (30). A comparable migration after SDS-
PAGE of p012 was detected in lysates of v20_012Flag-infected
CEC (Fig. 9B, right). As depicted in Fig. 1, p012 contains several
potential targets for phosphorylation that we predicted with high
probability. However, the phosphorylation of serines within the
RS repeat that we described is of particular interest, since it could
influence the functions of the NLS and the protein, respectively
(38). Therefore, we generated an expression plasmid in which
the four serine residues of the RS repeat were replaced with
alanines by site-directed mutagenesis. When we compared the
migration of p012 to that of p012mutStoA on Phos-tag West-
ern blots, we could indeed detect faster migration of the mu-
tated form. This result could point to a less phosphorylated
state of the modified protein due to the absence of four serine
residues. When we investigated the localization of
p012mutStoA following transfection, we observed a reduced
number of cells with nuclear localization, which, however, was
less pronounced than that of p012mutRSrepeat (data not shown).

Avian alphaherpesvirus proteins with similarity to MDV
p012. As previously mentioned, genes that show similarity to
ORF012 are encoded in different avian alphaherpesviruses, in-
cluding duck enteritis virus (DEV), HVT, GaHV-3, and infectious
laryngotracheitis virus (ILTV), as well as the recently sequenced
falconid herpesvirus 1 (FaHV-1) (15). Table 2 shows an identity
percentage matrix based on protein sequence alignment. As ex-
pected, the p012 sequences of MDV and apathogenic GaHV-3
share the highest degree of similarity; however, the two proteins
deviate by 50% in their compositions. Given the fact that the se-
quence similarity of proteins of the two closely related viruses
usually ranges from 50% to 80% (2), the value is on the lower end
of the spectrum. Nevertheless, related proteins in other viruses
deviate even more compared to MDV. ILTV UL0 and UL-1, which
form a cluster due to a presumed gene duplication event (39),
showed the lowest overall identity to MDV p012. Table 3 summa-
rizes mRNA splicing and the occurrence of NLS sequences, as well
as phosphorylation, for the different candidate proteins, based on
either experimental evidence or bioinformatic predictions.
Whereas all of the proteins share similar structural properties,
their functional relatedness remains to be established.

TABLE 2 Identity matrix of proteins with similarity to MDV p012

Protein

% Identity witha:

HVT
Lorf2

GaHV-3
Lorf2

MDV
ORF012

DEV
Lorf3

FaHV
Lorf3

ILTV
UL0

ILTV
UL-1

HVT Lorf2 100 36 41 23 26 17 15
GaHV-3 Lorf2 36 100 50 26 27 17 16
MDV ORF012 41 50 100 28 26 17 16
DEV Lorf3 23 26 28 100 27 16 17
FaHV Lorf3 26 27 26 27 100 15 15
ILTV UL0 17 17 17 16 15 100 25
ILTV UL-1 15 16 16 17 15 25 100
a Percent identity based on amino acid alignment of candidate proteins using the
Clustal Omega server.

FIG 9 p012 is a phosphorylated protein. (A) Cells transfected with pc012Flag
(or mock transfected) were lysed in RIPA buffer. Samples were subsequently
treated with LPP or mock treated for 30 min prior to SDS-PAGE and Western
blotting. Mock-transfected cell lysates served as a control. (B) Lysates of trans-
fected or infected cells were treated as described for panel A and separated in
SDS-PAGE gels containing 25 �M Phos-tag reagent and 1 mM MnCl2. Note
that Phos-tag decreases the mobility of phosphorylated proteins due to specific
interaction (see Materials and Methods). The arrows indicate the positions of
differentially phosphorylated p012. (C) p012mutStoAFlag shows increased
mobility compared to p012Flag in the presence of Phos-tag, indicating de-
creased phosphorylation. The positions of mass marker bands are indicated on
the left.
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DISCUSSION

As the majority of MDV genes share homology to their HSV-1 or
VZV counterparts, a number of MDV gene products have already
been functionally analyzed in detail. However, unique and poten-
tially unidentified genes exist in MDV, which could serve impor-
tant functions in its complex replication cycle. In this work, we
identified a novel MDV nuclear phosphoprotein that is translated
from a spliced mRNA of the ORF012 gene. The annotation of this
region in MDV has been ambiguous, with different names given to
genes and ORFs, including ORF012. The majority of MDV ge-
nomes deposited in GenBank still define ORF011* and ORF012*
as independent, hypothetical genes. In contrast, other annotations
omit ORF011* completely, placing only ORF012* in the region
downstream of ORF010 (viral lipase; Lorf2) and upstream of
ORF013 (glycoprotein L; UL1) and refer to it as Lorf3. Some of the
newer annotations acknowledge the predicted splicing but retain
the ORF012 nomenclature. To add even more confusion, the
“Lorf terminology,” starting with the first ORF that has its pro-
moter in the UL region, is handled incoherently for different MDV
strains. In particular, the inclusion or omission of Lorf1, a poten-
tial gene of unknown function, has led to different designations of
all the subsequent genes in the UL region. Therefore, depending
on the MDV sequence under scrutiny, Lorf2 stands for either viral
lipase (16) or the spliced gene that we describe here (GenBank
NC_002229). Therefore, here, we propose the term MDV ORF012
when referring to the gene identified in this report and hereafter.
In general, our work underlines the fact that bioinformatic pre-
dictions, in particular those used for genome-wide annotations,
are an excellent tool for the determination of potential ORFs, al-
though, naturally, they cannot replace experimental evidence to
prove or refute their implications.

mRNA splicing is a common principle of eukaryotic transcrip-
tion. Despite its prevalence in eukaryotic cells, the mechanism was
first identified in adenovirus-infected cells (40, 41). Apart from
adenoviruses, splicing has also been found in herpesviruses. MDV
is known to make extensive use of alternative splicing to generate
diverse sets of transcripts from single genes, particularly in the
repeat long regions. The mechanism serves to maximize the cod-
ing capacity of compact viral genomes, usually with strict size
limitations. Here, we showed that MDV ORF012 is produced
through mRNA splicing, and this splicing occurs independently of
other viral factors, since the spliced transcript was also detected in
cells transfected with an expression plasmid harboring the target
gene. The resulting splice product removed a small, 82-bp intron
within the 5= region of the immature message (Fig. 1). Interest-
ingly, the viral lipase-like vLIP encoded by ORF010 and located

immediately upstream of ORF012 is also translated from a spliced
transcript. Just as is the case for ORF012, the ORF010 intron is
small and in the 5= region of the gene (16). In order to ensure that
ORF012 did not simply represent an alternative splice variant of
an individually expressed ORF012*, we used epitope tagging of
(putative) viral proteins to analyze the coding capacity of the en-
tire region. We clearly showed that the hypothetical p012* was not
produced during infection. Regarding the expression of p012, we
were able to show its existence in virus-infected cells, correspond-
ing in size to the control protein expressed in DF-1 cells. There-
fore, we concluded that only p012 is produced during viral infec-
tion.

One of the first questions that arise with newly identified gene
products of viruses is whether the protein is dispensable for viral
replication. Using an MDV ORF012-null mutant based on the
strain RB-1B, it became evident that p012 is important for viral
growth in vitro (Fig. 4). Although small plaques were produced
upon reconstitution of infectious DNA in CEC, we were unable to
expand the virus by passaging in multiple trials. A recent study
published by Hildebrandt et al. identified de novo mutations fol-
lowing extensive passaging of the vv Md5 strain in vitro. Among
the mutations, two independent single-nucleotide polymor-
phisms (SNPs) associated with ORF012, one in the putative pro-
moter region and one within the 82-bp intron, led to reduced
virulence in chickens (42). However, in that report, the authors
did not investigate whether and to what extent either of the single
point mutations may have affected p012 expression or function.

In order to approximate the role of p012 in MDV replication,
we used epitope-tagged expression constructs, as well as expres-
sion of tagged protein versions from recombinant viruses, to an-
alyze the subcellular localization of p012. Interestingly, p012
showed a predominantly nuclear distribution in transfected cells
and an even stronger nuclear accumulation in virus-infected cells
(Fig. 5 and 6). The localization was reminiscent of the products of
the duplicated UL0 and UL-1 genes of the distantly related ILTV,
both of which were shown to be spliced. The UL0 and UL-1 pro-
teins also accumulate in the nuclei of infected cells, but to date, no
specific function or NLS has been assigned to either protein (39).
In line with our results, it has also been reported that both proteins
showed molecular weights after separation by SDS-PAGE and
Western blotting considerably higher than the calculated values
deduced from their primary sequences. The actual size deviation
of p012 from its calculated value, however, can be only partially
explained by phosphorylation, since LPP-treated p012 still mi-
grated more slowly than expected. Other posttranslational modi-

TABLE 3 Properties of MDV p012 and similar proteins

Protein name Splicing NLS Phosphorylation

MDV ORF012 Yes (exptl evidence) Yes; arginine-rich; “highly basic”; RS repeat Yes (exptl evidence)
GaHV3 Lorf2 Predicteda Predicted; arginine-rich; “highly basic”; RS repeat Predicted; mainly serine
HVT Lorf2 Predicteda Predicted; arginine-rich; RS repeat Predicted; mainly serine
ILTV UL0 Yes (exptl evidence)b Predicted; arginine rich Predicted; mainly serine
ILTV UL-1 Yes (exptl evidence)b Not predicted; RS repeat Predicted; mainly serine
FaHV Lorf3 Predicted potential splice site upstream of genec Predicted; “highly basic”; arginine rich Predicted; mainly serine
DEV Lorf3 Not predictedc Predicted; arginine rich Predicted; mainly serine
a Predicted according to RefSeq.
b Reference 39.
c Personal observation.
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fications, therefore, may be responsible for the observation and
warrant more extensive investigation in the future.

With the help of bioinformatic prediction tools, we were able
to identify an NLS that mapped to a 23-amino-acid stretch in the
C-terminal region of p012. The first experimental evidence that
the sequence can indeed control nuclear import was provided by
our infection experiments using a set of mutant viruses carrying
mutations in the NLS. Compared to the parental virus, nuclear
localization was completely abrogated in cells infected with these
mutants (Fig. 6). In order to map the exact position of the NLS, we
utilized expression assays and quantified the effects of targeted
alanine substitutions within predicted NLS sequences. In accor-
dance with the infection experiments, deletion of either the basic
arginine core or the preceding serine-arginine-rich repeat motif
abolished nuclear import (Fig. 6). Furthermore, we used synthetic
NLS-GFP fusion constructs to directly test portions of the NLS
that were required for nuclear import. Only constructs encompass-
ing the sequence stretch 447RSRSRSRSRERRRRRPRVRPGRR469

accumulated in the nucleus, indicating that the motif can act as a
transferable bona fide NLS. However, fine-mapping approaches,
like alanine scanning or single amino acid deletions, will be nec-
essary to identify the minimal core sequence. Whereas consensus
sequences for classical NLS motifs, either mono- or bipartite, are
well established (43–45), it has become evident that many nuclear
proteins contain nonclassical signals that differ considerably in
sequence (46, 47). Concerning the primary sequence of the p012
NLS, its categorization is not entirely obvious. The signal does not
match the structure of a classical bipartite NLS (48), but rather,
presents a stretch of basic arginines that is reminiscent of a mono-
partite simian virus 40 (SV40)-type NLS (49). Boulikas further
subdivided classical monopartite NLSs, depending on their com-
positions (50, 51). In this regard, the core sequence would repre-
sent a “highly basic NLS” that usually contains 5 or 6 (K/R) resi-
dues (45). Nevertheless, we were able to show that the basic motif
(called the short NLS here) is not sufficient for nuclear transloca-
tion. Only in combination with the preceding RS repeat were we
able to detect cells with a clear nuclear accumulation of GFP. This
shows that the p012 NLS constitutes a rather large peptide.

A question that still remains open is whether the entire NLS of
p012 represents a docking site for nuclear importins or whether
the two motifs fulfill different but complementary functions. In
this regard, the phosphorylation state of p012 could play an im-
portant role in nuclear transport. It is known that phosphoryla-
tion of residues within or near the NLS can up- or downregulate
activity (38). The mechanisms behind the modulations can be of
various types but are often related to increased (or decreased)
affinity for the import factor. The classical SV40 NLS itself is em-
bedded in a sequence of residues that can be phosphorylated by
protein kinase CK2, a modification that massively enhances nu-
clear import (52). The fact that substitution of the phosphoryla-
tion-accessible serines within the RS repeat of p012 decreased the
extent of phosphorylation (Fig. 9C) and partially inhibited nu-
clear import could point to a functional involvement of phos-
phorylation. However, it is also conceivable that predominant lo-
calization to either the nucleus or the cytoplasm may influence
protein phosphorylation. We will investigate a potential link be-
tween localization, the NLS, and the phosphorylation state of p012
in future experiments.

Interestingly, despite the presence of an NLS, the distribution
of p012 was not entirely nuclear. A rather constant percentage of

cells displayed a predominantly cytoplasmic or mixed distribution
in transfected or infected cells. This fraction could be increased
significantly by treatment with LMB, which inhibits leucine-rich
export signals. Although analysis of the protein sequence did not
yield clear candidates for an NES, the high prevalence of leucine
residues in p012, in addition to increased nuclear localization dur-
ing LMB treatment, suggests these sequences may play a part in
nuclear export.

Although we have not yet performed a full functional charac-
terization, it is tempting to speculate about potential actions of
p012 as a nuclear/cytoplasmic shuttling viral protein. Eukaryotic
cells contain a class of proteins that have a characteristic arginine-
serine-rich motif in their C termini. These so-called “SR proteins”
are capable of nucleocytoplasmic shuttling, can be heavily phos-
phorylated, and perform various functions ranging from RNA
transport to control of mRNA splicing (53). Only recently, how-
ever, have strict refinements of the properties defining a SR pro-
tein been made (54). The protein must contain one or two N-ter-
minally located RNA binding domains (called RRM boxes)
followed by an RS domain, which should contain at least 50 amino
acids with an arginine-serine content of more than 40%. Only 12
proteins in the human genome actually fulfill these requirements
(54). Given the lack of an obvious RNA binding domain, as well as
its short RS domain, p012 does not qualify as an SR protein per se.
However, reports show that SR-like proteins that do not fully
match all the requirements exist and still carry out functions in-
volving RNA. Herpesviruses encode proteins that are known to
interact with cellular SR proteins (55). Among the most inten-
sively studied herpesviral factors is HSV-1 ICP27. ICP27 is a mul-
tifunctional regulatory protein that mediates the export of viral
RNAs and is capable of inhibiting splicing of viral, as well as cel-
lular, mRNAs. In this regard, the protein performs the function of
a host shutoff protein (56). Interestingly, ICP27 is able to interact
with cellular SR proteins, modulating their distribution inside the
nucleus, as well as their phosphorylation (56). MDV also contains
a homologue of ICP27 (57), and the protein was shown to interact
with SR proteins and to inhibit splicing (58). Therefore, the hypo-
thetical role of p012 in splicing and/or mRNA export remains to
be addressed.

In summary, we have identified a novel nuclear phosphopro-
tein in MDV that is important for replication and that actively
shuttles between the nucleus and the cytoplasm. In support of this,
we showed that MDV p012 (i) is expressed as a spliced mRNA
product, (ii) is important for replication in vitro, (iii) is primarily
located within the nucleus that is dependent on a C-terminally
located NLS, and (iv) most likely shuttles between the nucleus and
the cytoplasm during replication. Further studies will be directed
at addressing its role in shuttling and potential targets for its exact
role in MDV replication.
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